Spectral shaping of an all-fiber torsional acousto-optic (AO) tunable filter is studied. The technique is based on the axial modulation of AO coupling strength along a highly birefringent optical fiber, which is achieved by tailoring the outer diameter of the fiber along its propagation axis. Two kinds of filter spectral shaping schemes-Gaussian apodization and matched filtering with triple resonance peaks-are proposed and numerically investigated under realistic experimental conditions: at the 50-cm-long AO interaction length of the fiber and at half of the original fiber diameter as the minimum thickness of the tailored fiber section. The results show that the highest peak of sidelobe spectra in filter transmission is suppressed from 11.64% to 0.54% via Gaussian modulation of the AO coupling coefficient (κ). Matched filtering with triple resonance peaks operating with a single radio frequency signal is also achieved by cosine modulation of κ, of which the modulation period determines the spectral distance between two satellite peaks located in both wings of the main resonance peak. The splitting of two satellite peaks in the filter spectra reaches 48.2 nm while the modulation period varies from 7.7 to 50 cm. The overall peak power of two satellite resonances is calculated to be 22% of the main resonance power. The results confirm the validity and practicality of our approach, and we predict robust and stable operation of the designed all-fiber torsional AO filters.
Introduction
Fiber optics have become the core of optical communications and data networking infrastructures. Optical fibers are the preferred means for transmission of any data such as multiple wavelength channels or biochemical sensor signals. Various optical devices to manipulate those signals have been developed, e.g., wavelength selective filters to separate an individual signal out of multiple channels transmitted simultaneously via a single optical fiber. In particular, fiber-based filters have shown great potential with distinct advantages above their integrated counterparts: low-loss combination of multi-wavelength channels, support of routing, low insertion loss, low price, and flexibility toward metrological and sensing applications [1] . One such device of interest is an all-fiber acousto-optic tunable filter (AOTF), which offers a number of superior advantages above other fiber-based implementations employing fiber Bragg gratings (FBGs) or long period gratings, e.g., wide (∼100 nm) and fast (<100 μs) wavelength tunability and variable power transmission by simple electric control [2] [3] [4] .
A thin glass rod with a diameter of hundreds of micrometers like a cylindrical optical fiber can support three kinds of acoustic waves without cutoffs: flexural, longitudinal, and torsional fundamental modes, of which wavelengths are larger than the fiber diameter [5, 6] . Among these, the longitudinal acoustic wave is exploited to modulate FBGs so that their spectral reflectivity can be enhanced [7] , while flexural and torsional waves can produce the resonant coupling between two spatial modes in an optical fiber (for flexural wave) or two polarization modes in a highly birefringent (HB) fiber (for torsional wave) [3, 4] . Torsional AOTFs have attractive features relative to their flexural counterparts: polarization independent operation, no spectral deterioration due to acoustic birefringence, low fluctuations in output power, simple reconfiguration between notch and bandpass operation types, and immunity to external perturbation such as fiber bending or physical contact [8] [9] [10] .
Optical devices based on resonant mode coupling, i.e., all-fiber AOTFs, FBGs, and other fiber gratings, intrinsically exhibit the sinc-function-shaped spectral responses since with their Fourier pair, the coupling strength is constant in the whole grating interaction region. On the same principle, it is feasible to shape output filter spectra into desired forms other than the typical sinc-function by designing the profile of the coupling coefficient in the grating region. For instance, the intrinsic sidelobe spectra occurring in both sides of the main resonance peak can be suppressed by the apodization technique based on the modulation of coupling strength, which is crucial to minimize undesirable crosstalk between adjacent channels in wavelength-division-multiplexed systems [1] . Diverse approaches to shaping transmission spectra of the acousto-optic (AO) devices via the modulation of coupling strength have been proposed, such as those based on acoustic power modulation in integrated AOTFs [11, 12] , twist of the fiber in flexural AOTFs [13] , and tailoring of the fiber thickness along the AO interaction region in torsional AOTFs [14] . Among these techniques, the external modulation of acoustic power used in the integrated AOTFs is not applicable to the fiber counterparts since the point-to-point control of acoustic power along the AO grating region to obtain the specific profile is difficult to be achieved in the suspended bare fiber section. The fiber twist technique used in flexural AOTFs is valid only in one particular case, i.e., coupling between two spatial modes passing along an elliptical core fiber, because it adjusts the angle between the acoustic vibration direction and the major axis of the core ellipse so that the coupling strength periodically reaches the maximum or the minimum along the AO interaction region. This technique is also not applicable to torsional AOTFs where two polarization modes in one single fundamental spatial mode interact with each other.
In the AO mode couplings, the acoustic wavelength determines the resonant phase matching condition between two interacting modes, so that any kind of nonuniform variation in the acoustic wavelength can disturb the phase matching condition and thus distort output filter spectra. Since the wavelength of the flexural acoustic wave at the given vibration frequency depends on the fiber thickness along its vibration direction, the ellipticity in the fiber cross section (which is one of the common structural nonuniformities occurring during the fiber drawing process) induces the acoustic birefringence, i.e., dual wavelengths at the single frequency. In flexural AOTFs, splitting of the resonance peak as well as dropping of the coupling efficiency have been observed because of this undesirable acoustic birefringence [15, 16] . In contrast to the flexural acoustic wave, one of the intriguing features of the torsional wave in an optical fiber is its nondispersive property: the acoustic wavelength of the lowest order torsional mode is invariant to the changes in both fiber diameter and its cross sectional shape [14, 17] . In torsional AOTFs, the AO coupling coefficient is proportional to the inverse square of the fiber diameter, so that the AO coupling strength can be modulated along the fiber length through axial tailoring of the fiber diameter without disturbing the phase matching condition [14] .
In this paper, we report two kinds of spectral shaping of all-fiber torsional AOTFs based on axial modulation of the torsional AO coupling strength, which is achieved by tailoring the outer fiber diameter along its propagation axis. Our scheme has the distinct advantage that the filter spectrum can be shaped only by changing fiber thickness without either impairing AO coupling efficiency or disrupting the resonance itself. This paper is organized as follows. First, we will describe in detail Gaussian apodization of torsional AOTFs by expanding the idea proposed in our previous paper [14] , which is followed by the spectral design for matched filtering with triple resonance peaks based on the cosine modulation of the AO coupling coefficient. Then, the paper is summarized.
One of the important applications of matched filters is found in optical sensor systems (mostly for sensing of targeted gaseous molecules), where the matched filters are used as optimal linear filters for maximizing the signal-to-noise ratio in the presence of sporadic noises. For this functionality, the filter spectra should be designed so that multiple filtering bands can be located in the exact spectral fingerprint positions of target molecules while the rest of the spectral region is efficiently suppressed with minimum transmission. In all-fiber AOTFs, one can claim that filter spectra with multiple resonances can be obtained readily by applying several different radio frequency (RF) signals simultaneously to the devices. However, it was revealed that a coherent crosstalk issue can occur between interacting modes in the spectral region where several individual resonances phase-matched by different RF signals are overlapped [2] . In contrast, our approach requires only a single RF signal to achieve triple resonances, so that the crosstalk issue as well as the corresponding power beating are not expected. Figure 1 shows a schematic diagram to illustrate the torsional AO coupling in an HB fiber with an axially tailored bare fiber section. Here, we limit the minimum diameter of the tailored section to half of its original size because this dimension is readily feasible via either chemical etching or fiber tapering. Examples of input and output spectra of interacting modes are also depicted in the insets of Fig. 1 . The input broadband light is linearly polarized parallel to one of the eigen-polarization axes of the HB fiber (e.g., horizontal red arrows). The traveling torsional acoustic wave periodically twists the fiber (and thus also its two eigen-polarization axes) in the circumferential direction, so that the input mode is perturbed and coupled to the other eigenpolarization mode at a resonance satisfying the phase matching condition:
Gaussian Apodization of the Transmission Spectrum
where Δn, L B , Λ, and λ denote the modal birefringence between two eigen-polarization modes, the polarization beatlength, and the acoustic and optical wavelengths, respectively. Λ is given by a variable RF signal to generate the torsional wave, which determines the resonant wavelength as indicated in Eq. (1). As shown in Fig. 1 , the (vertically polarized) coupled mode passes through the output polarizer of which the optic axis is aligned with the same vertical direction, while the (horizontally polarized) off-resonant uncoupled mode is rejected at the polarizer, thus leading to the bandpass functionality of the torsional AOTF. The filter transmission and its center wavelength can be tuned by adjusting the applied RF signal in regards to its power and frequency, respectively. Under the slowly varying envelope approximation, the coupled mode equations describing torsional AO coupling are expressed as follows [18] :
Here, each Ez and Δβ are the normalized complex electric fields of interacting eigen-polarization modes and the phase mismatch between them, respectively. κz denotes the axial profile of the AO coupling coefficient, which is related to the normalized fiber diameter defined in Fig. 1 as follows [17] :
where κ g denotes the coupling coefficient at the unmodified fiber region, i.e., z 0 or L in Fig. 1 , which is given by the magnitude of the acoustic power applied to achieve complete coupling between two polarization modes in the given AO interaction length. Here, we consider L 50 cm as the experimentally feasible AO interaction length. The realistic fiber length is determined by the desired filter bandwidth, as well as by the amplitude of the torsional acoustic wave that can be generated by the transducer. The angular vibration amplitude of the HB fiber required for 100% coupling efficiency is inversely proportional to the coupling length [3] . A larger acoustic amplitude (and thus a shorter coupling length, equivalently) can be obtained either by employing an improved transducer efficiency or simply by applying a higher driving voltage to the existing transducer. However, we note that the filtering bandwidth of an AOTF is also inversely proportional to the fiber length [18] . In the case of the fiber considered in our work, tens of centimeters of fiber length is required to obtain a few nanometers of bandwidth. Further engineering of a filtering bandwidth is also feasible by tailoring the fiber birefringence, which will be useful for certain specific applications. Now in order to achieve the Gaussian apodization of filter transmission, we modulate κz with the Gaussian profile as follows:
where B is the root mean square (RMS) width of the Gaussian profile. The AO coupling coefficient at the center of the tailored fiber section reaches four times of its initial value, i.e., 4κ g , since the diameter at this point is set to half of its original value as we described earlier [see also Eq. (3)]. Then, the boundary conditions connecting Eqs. (3) and (4) are given by
which is solved as below: Fig. 1 . Schematic diagram to illustrate the torsional AO coupling in an HB fiber with a tailored fiber section.
Since we consider the fixed AO interaction length of 50 cm as the coupling length for complete power transfer between interacting modes, the total value of κz integrated along the whole interaction length should be equal to the case of the unmodified fiber as follows:
where κ 0 denotes the AO coupling coefficient for the 50-cm-long unmodified HB fiber, which is calculated to κ 0 π∕2L π m −1 by the coupled mode theory. Then, κ g satisfying Eq. (7) is given as a function of B, i.e., the RMS width of the Gaussian function. Figure 2 plots the calculated κ g as a function of B, and the results indicate that κ g [or 4κ g , the peak value of the κz profile at z L∕2] decreases while the κz profile becomes broader. V L in Fig. 2 denotes the fiber volume of the AO interaction region plotted as a function of B [see also Fig. 3(b) ], which shows the same decaying behavior with κ g . At the given fiber length, the acoustic energy required to achieve complete power transfer between two interacting polarization modes decreases in the smaller volume of the tailored fiber section because of its smaller weight, so that κ g determined by the magnitude of the applied RF power also decreases. Figure 3 shows the κz profiles [ Fig. 3(a) ] and the corresponding normalized fiber diameter [ Fig. 3(b) ] calculated for several values of B, which are plotted as a function of z. The peak value of the κz profile increases with the decrease of B as discussed in Fig. 2 , which results in a sharper drop of the fiber thickness around z L∕2. Now in order to validate our Gaussian apodization approach, we solved the coupled-mode equations in Eq. (2) numerically by considering realistic experimental parameters: the resonant wavelength of λ r 1550 nm, L 50 cm, and the same dispersion property of L B λ [or Δβλ, equivalently] for the fiber used in [8, 9] . The HB fiber considered for the simulation has an elliptical core with a dimension of 2 μm × 4 μm to produce form-birefringence, and its outer diameter and the polarization beatlength (L B ) are 80 μm and 1.36 mm around 1550 nm, respectively. Note that the birefringence in this fiber is mainly produced by the geometrical asymmetry of the core, where two fundamental modes polarized along the major and minor axes of the core ellipse have different propagation constants. In other types of HB fibers (e.g., bow-tie or PANDA fibers), stress applying parts embedded in both sides of a circular core induce asymmetrical strain on the core, which results in asymmetry of the modal indices, i.e., birefringence. In this case, chemical etching and tapering of the fiber to reduce its diameter may significantly affect the stress field profile within the fiber and thus its modal birefringence as well. Therefore, the elliptical core fiber considered in our paper is more suitable for our approach to spectral shaping since its birefringence is mainly induced by the asymmetric core geometry and thus is less sensitive to the stress field variation due to the change in fiber diameter. Note that any type of fiber, even typical single mode fibers as well as elliptical core fibers, have small stress field profiles within them. Since the variation of the inner stress field profiles under the fiber diameter change differs for different manufacturing processes, we excluded this small effect from our simulation. Further details will be discussed in our future experimental analyses. Figure 4 plots the output filter spectra calculated for several different values of B, which show the evolution of sidelobe spectra. The highest peak of sidelobe spectra is also plotted in Fig. 5 as a function of B. The first graph in Fig. 4 corresponds to the unmodified fiber case with the constant κz profile, and it exhibits a typical sinc-function-shaped spectral response that is the Fourier pair of the constant κz. The highest side peak in this case is calculated to be 11.64% as shown in Fig. 5 . For small values of B, the sidelobe increases substantially while B increases from 0 to 0.025 [see Fig. 5 ], since the presence of a sharp peak at the center of the κz profiles [see Fig. 3(a) ] means there is an abrupt change in coupling strength and thus requires larger amplitudes of frequency components in the filter spectrum. In this case, the maximum side peak increases from 11.64% to 19.24% (at B 0.025) [see Fig. 5 ]. For B > 0.025, however, the influence of Gaussian apodization on the filter spectrum starts to be dominant since the broader Gaussian κz profile occupies a larger proportion in the AO interaction region as compared to the constant κ 0 part.
The side peak decreases with the increase of B as shown in Fig. 5 , and it finally reaches 0.54% at B 0.12. For a better comparison, we plotted the corresponding transmission spectrum calculated for B 0.12 (solid line) together with both its Gaussian fit (dashed-dotted line) and the case of constant κ (dashed line) in Fig. 6 . The results clearly show that the sidelobe spectra are suppressed successfully; in addition, the calculated curve for B 0.12 is well-matched with its Gaussian fit. For B > 0.12, the side peak increases again, since the Gaussian κz profile broadens too much to be well-defined in the given AO interaction length. The full width at half-maximum (FWHM) of the main filtering band calculated for B 0.12 is 4.56 nm, which is slightly broader than the value of 3.56 nm that was calculated for the case of uniform κ. The filtering bandwidth can be tailored by either modifying the fiber design parameters, i.e., the dispersion of L B λ, or simply employing longer fiber for the AO interaction region. Our simulation results confirm the validity of our Gaussian apodization approach.
Matched Filtering with Triple Resonances through Cosine Modulation of the AO Coupling Coefficient
Now we discuss the matched filtering with triple resonances in a torsional AOTF. The technique is based on cosine modulation of the κz profile in the AO interaction region, which is illustrated in Fig. 7 . As in the previous section, the minimum diameter of the tailored fiber section is limited to half of its original value in consideration of the experimental feasibility.
The cosine modulation of the κz profile can be expressed as follows:
where B is related to the modulation period of the κz profile by 2π∕B. In Eq. (8), the cosine part generates two individual frequency components according to the Fourier relation, while the constant part C produces the sinc-function-shaped spectral response yielding the highest main resonance peak as we discussed earlier. So the resulting filter transmission spectrum has triple resonance peaks, i.e., two equally spaced individual resonance peaks located in both wings of the main filtering peak. As in the preceding section, the AO coupling coefficient at the thinnest fiber section should be 4κ g , so that the boundary conditions connecting Eqs. (3) and (8) are given by
which is solved as below:
In order to maintain the coupling length of 50 cm, the κz profile of Eq. (8) should satisfy the condition in Eq. (7) as well, so that the κ g values required to keep L 50 cm are given as a function of B again. Then, the κz profile in Eq. (8) and the corresponding diameter of the tailored fiber section in Eq. (3) are both given as a function of B as well. Figure 8 shows the stacked plots of cosine-modulated κz profiles [ Fig. 8(a) ] and the corresponding normalized fiber diameter [ Fig. 8(b) ] calculated for several values of B, which are plotted as a function of z. Here, the linear change of B from 4π to 26π corresponds to the variation of modulation periods from 50 to 7.7 cm, since the modulation period is inversely proportional to B, i.e., 2π∕B. An example of the tailored fiber section for this case is illustrated in Fig. 7 . In order to investigate transmission properties of the torsional AOTF with cosine-modulated κz profiles, we solved the coupled-mode equations in Eq. (2) numerically by considering the same simulation conditions used in the previous section. Figure 9 plots the output filter spectra calculated for several different values of B, and the results show the evolution of the equally spaced two satellite peaks located in both wings of the main resonance peak. The stacked plots of filter transmission in Fig. 10 clearly exhibit the linear evolution of two satellite peaks to the longer wavelength region, of which the overall peak power is around 22% of the power of the central resonance peak. Figure 11 plots the spacing between the two satellite peaks (Δλ) as a function of B, and the data exhibit an almost linear relationship with a slope of 2.24 nm∕π · rad. Here, with the splitting of two satellite peaks, Δλ is defined in the inset of Fig. 11 , which reaches 48.2 nm while the modulation period varies from 7.7 to 50 cm. The power ratio of the two peaks to the main resonance one is plotted together in Fig. 11 , and the data exhibit oscillation behavior with the increase of B. This is because while the satellite peaks scan the sidelobe spectra with the increase of B, the two satellite peaks overlap in turn with the intrinsic sidelobe peaks caused by the constant component of κz. The results show that our theoretical predictions and simulation results agree well, thus illustrating the validity of our approach to design the matched filter with triple resonances based on an all-fiber torsional AOTF. Note that our scheme exploits two distinct properties of all-fiber torsional AOTFs: first, the AO coupling coefficient is inversely proportional to the fiber diameter, and second, the AO resonance condition is not disturbed by the nonuniform change in fiber thickness or its cross sectional shape. So our scheme does not exhibit two typical downsides in flexural AOTFs, i.e., the spectral distortion due to acoustic birefringence and the coherent crosstalk due to coupling competition occurring in the spectral region where several individual resonances phase-matched by different RF signals are overlapped. In this context, we note that our scheme shows good potential for robust and stable fiber-based filters of which the spectral shape can be efficiently designed.
Conclusion
We have theoretically investigated two types of spectral shaping schemes in all-fiber torsional AOTFs: Gaussian apodization and matched filtering with triple resonance peaks. Our approach is based on axial modulation of the AO coupling strength by tailoring the outer diameter of an HB fiber. The simulation results show that the sidelobe spectra can be suppressed from 11.64% to 0.54% via Gaussian apodization under realistic conditions: at the 50-cm-long AO interaction length of the HB fiber and at half of its original fiber diameter as the minimum thickness of the tailored fiber section. From a practical point of view, any additional loss occurring during fiber tapering or during the etching process can be a critical issue for obtaining the highest transmission peak. In order to minimize this issue, as well as to take advantage of the experimental feasibility, we limited the minimum diameter of the tailored fiber section to half of its original value. In this case, the elliptical core size of the considered fiber is still quite small (2 μm × 4 μm) as compared to the thickness of the tailored fiber section, so that the additional propagation loss, which can be caused by modal field expansion, is thought to be minimal. In the opposite case, i.e., when the thickness of the tailored fiber section is comparable with the core size, either of the polarization modes will become lossy, which will result in a decrease of the transmission peak. Detailed theoretical and experimental analyses on this issue were reported in our recent paper [19] . The matched filtering with triple resonance peaks, i.e., two satellite peaks located in both wings of the main resonance peak, could be also achieved by cosine modulation of the AO coupling coefficient. The splitting of two satellite peaks in the filter spectra changes with the modulation period of the coupling coefficient profile, which reaches 48.2 nm while the modulation period varies from 7.7 to 50 cm. The overall peak power of the two satellite resonances is calculated to be 22% of the main resonance power. We highlight in this work how our schemes show great potential for robust and stable fiber-based filters of which the spectral shape can be efficiently designed.
